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FOREWORD 


This  final  report  covers  work  performed  on  Contract  DAAK-30-78-C-0099. 

The  contract  with  TRW  Inc.,  Cleveland,  Ohio  was  administered  under  the  direc¬ 
tion  of  Hr.  Kerold  F.  Chesney  (retired),  Mr.  Vinod  Patel  (deceased)  and 
Mr,  Donald  Ostberg,  U.S.  Army  Tank  Automotive  Research  and  Development  Command, 
Warren,  Michigan. 

The  program  was  assigned  to  the  Powder  Technology  Section  of  TRW  Materials 
Technology  and  Mr.  J.  N.  Fleck,  Section  Manager.  Engineering  and  technical  re¬ 
sponsibilities  resided  with  Dr.  B.  L.  Ferguson  and  Mr.  J.  C.  Arnold  respectively, 
Mr.  F.  T.  La  1 1 y  was  a  program  consultant. 


ABSTRACT 


The  objective  of  this  program  was  to  extend  the  development  of  isother¬ 
mal  forging  of  steel  powder  parts  to  near-net  shapes  with  plan  areas  larger 
than  100  square  inches  (6.45x10  mZ ) .  Previously,  it  had  been  determined 
that  the  application  of  isothermal  forging  to  near-net  shape  parts  produc¬ 
tion  reduces  the  forging  pressure  needed  to  achieve  both  full  density  and  a 
completely  filled  die  cavity.  Thus,  larger  parts  may  be  forged  with  exist¬ 
ing  equipment. 

The  prototype  component  in  this  project  was  the  final  drive  gear  of  the 
M60  tank  (P/N  19207-7364141).  This  gear  has  an  outside  diameter  of  19*4 
inches  (4.93x10  m)  and  a  plan  area  of  296  square  inches  (1.91x10  nr) . 

The  66  teeth  wejje  to  be  forged  to  shape,  allowing  0.005  to  0.010  inches 
(1.3  to  2.5x10  m)  per  tooth  face  for  grinding  and  crowning  after  carburiz¬ 
ing.  Prealloyed  4600  grade  steel  powder  was  to  be  used. 

Based  on  the  finished  part  dimensions,  a  forging  was  designed,  a  hot 
die  set  for  isothermal  forging  was  designed,  and  a  segmented  preform  and 
compaction  tooling  were  designed.  At  this  point  quotations  from  tool 
builders  indicated  serious  cost  and  time  overruns.  Coupling  these  problems 
with  lubrication/die  release  problems  experienced  in  a  sister  program,*  a 
decision  was  made  to  halt  this  program  until  such  problems  were  overcome  or 
a  suitable  redirection  option  could  be  formulated. 

This  report  covers  the  design  steps  completed  on  the  program,  the  tool¬ 
ing  quotations,  alternative  action  possibilities,  and  concludes  with  a  recom¬ 
mendation  for  redirection. 

This  is  the  third  phase  of  the  effort.  The  results  of  Phase  I  and 
Phase  II  are  documented  in  TARADC0M  Final  Report  Number  12519,  "Forging  of 
Powder  Metallurgy  Gears." 


*  Contract  DAAK-30-78-0029 


1.0  INTRODUCTION 


/ 


Forging  of  steel  powders  has  received  increased  attention  as  a  manufac¬ 
turing  technology  with  the  potential  to  lower  production  costs  through  im¬ 
proved  material  utilization  and  the  minimization  of  machining  operations.  The 
size  capability  of  powder  forging  (P/F)  is  related  directly  to  the  available 
press  capacity,  as  anywhere  from  30  to  70  tsi  (410  to  965  MPa)  is  required  to 
forge  low  alloy  steel  powders.  In  previous  work  on  isothermal  forging  of  machine 
gun  cover  plates  from  4630  prealloyed  steel  powder,  it  was  shown  that  forging 
pressures  can  be  lowered  to  10  tsi  (138  MPa)  '  .  The  combination  of  isother¬ 

mal  forging  and  P/F  means  that  parts  with  large  plan  areas  can  be  forged  iso¬ 
thermal  ly  to  near-net  shapes  using  existing  presses. 


To  examine  isothermal  P/F  as  a  cost  reduction  route,  two  M60  tank  compon¬ 
ents  were  selected  by  the  Army  for  study.  The  first  project  was  on  the  final 
drive  pinion  (P/N  19207-7364142)  and  performed  under^Contract  DAAK-30-78-C-Q029 ' 
This  part  has  a  plan  area  of  %15  sq.  in.  (9-7x10  ^m  )  and  represents  the  first 
stage  of  a  scaleup  to  large  plan  areas.  This  phase  involves  the  final  drive  gear 
(P/N  19207-7364141).  This  is  a  straight  spur  gear  with  66  teeth  located  on  the 
oter  diameter  of  19-4  in.  (4.93x10  m) .  The  finished  gear  is  shown  in  Figure  1. 


This  gear  is  currently  produced  by  machining  a  forged  blank.  To  offer 
cost  reduction,  the  P/M  gear  must  be  forged  to  near-net  shape,  meaning  that 
gear  teeth  must  be  forged  with  only  finish  grinding  stock  remaining  on  each 
tooth  face.  To  accomplish  the  goal  of  establishing  a  production  processing 
route  for  P/F  these  large  gears,  a  program  was  established  and  consisted  of 
the  following  tasks: 

TASK  1  -  Design  preform  and  forging  tooling  to  produce  a  P/F  gear  (P/N  19207- 
7364141)  with  mechanical  properties  comparable  to  a  wrought  gear. 

The  forging  tooling  will  be  designed  to  produce  a  component  without  flash  or 
draft  angles.  The  preform  will  be  designed  according  to  minimum  deformation 
principles  and  the  forging  will  be  designed  using  the  procedures  established 
previously  in  Contract  DAAK  30-79-C-0029. 

TASK  2  -  A  pilot  run  of  gears  will  be  fabricated  to  insure  quality  and  repro¬ 
ducibility.  Five  (5)  gears  shall  be  finished  to  specifications  in 
Drawing  Nos.  736414]  and  8689041  and  shall  meet  the  roll  pattern  shown  in 
Drawing  No.  8705731. 

TASK  3  -  A  detailed  process  specification  shall  be  generated  to  describe  the 
manufacturing  process  for  ordnance  procurement  purposes. 
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TASK  k  -  Perform  an  economic  evaluation  of  the  developed  powder  metallurgy 
forging  process. 

Because  the  nature  of  these  tasks  is  sequential,  they  were  addressed  in 
their  listed  order.  Due  to  problems  that  developed  during  Task  1,  and  prob¬ 
lems  that  were  brought  to  light  in  Contract  DAAK  30-78-C-0029 ,  only  Task  1  was 
completed  before  the  remaining  effort  on  the  program  was  terminated.  These 
problems  and  possible  solutions  or  redirections  will  be  reported  in  the  follow¬ 
ing  sections. 
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2.0  PROCEDURES 


Since  the  experimental  program  was  halted  during  Task  1,  it  is  only  perti¬ 
nent  to  outline  the  procedures  used  in  this  task. 

The  basic  process  consists  of: 


1.  Blend  graphite  with  cold  compactible  steel  powder. 

2.  Compact  the  loose  powder  into  a  preform  shape. 

3.  Sinter  the  preform  at  an  elevated  temperature  in  a  reducing 

atmosphere  to  homogenize  the  microstructure,  reduce  the 
oxygen  content  of  the  preform  and  to  meta 1 1 urg t ca 1 1 y  bond 
the  powder  particles  together. 

4.  Isothermal ly  forge  the  sintered  preform  to  full  density  and 

near-net  shape. 

5.  Finish  machine,  heat  treat^and  inspect  the  part. 


To  follow  this  route,  a  near-net  shape  forging  and  the  associated  preform  had 
to  be  designed,  as  well  as  the  forging  and  compaction  tooling. 


2. 1  Design  of  the  Isothermal ly  Forged  Gear 


The  design  basis  for  the  near-net  shape  forging  is  that  the  as-forged 
gear  teeth  should  require  only  finish  grinding.  Since  this  gear  also  has  spline 
teeth  on  the  inner  bore,  these  also  should  be  forged.  However,  at  this  time  it 
was  felt  that  this  was  too  ambitious  since  no  information  is  available  concern¬ 
ing  concentricity  control  for  these  large  parts.  Other  important  features  of  the 
forged  part  are  the  elim.inat  ion  of  draft  on  the  bore  and  gear  teeth,  and  the  mini¬ 
mization  of  machining  on  the  hub. 

2.2  Design  of  the  Hot  Die  Set 


Based  on  the  dimensions  and  tolerances  of  the  forged  part,  a  hot  die  set 
was  designed.  The  guidelines  of  the  die  set  were  that  if  be  a  production  die 
set,  that  it  be  fabricated  from  the  appropriate  materials  needed  to  operate 
over  the  temperature  range  1450  to  1 750 F  (788  to  954c) ,  that  no  flash  or  draft 
angles  be  permi tted ,and  that  it  be  fixtured  for  ease  of  loading  and  unloading 
these  massive  parts. 
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2 . 3  Preform  Design 


Based  on  past  experience,  the  preform  for  isothermal  forging  of  steel 
powders  should  be  a  minimum  deformation  design  to  minimize  metal  flow  in  the 

die  cavity.  Such  design  is  necessary  to  allow  low  forging  loads  to  be  utilized 

and  to  optimize  the  forging  cycle  time.  The  minimum  deformation  design  for 
this  preform  utilizes  a  three  level  preform.  This  mandates  the  ability  to  con¬ 
trol  density  in  each  level  of  the  preform. 

This  preform  has  essentially  the  same  plan  area  of  the  forging  and  thus 
requires  a  large  press  if  it  is  compacted  as  a  unit.  If  a  mechanical  or  hydrau¬ 
lic  press  is  used,  tonnage  is  the  limiting  factor,  or  if  a  cold  isostatic  press 
is  used,  the  pressure  vessel  diameter  is  the  limiting  factor.  To  circumvent 
such  limitations,  the  preform  may  be  compacted  in  segments  which  are  then  sinter- 

bonded  together.  Because  of  the  precision  and  density  control  associated  with 

hard  die  tooling,  it  is  recommended  that  hard  die  compacted  segments  be 
produced. 

2 . k  Design  of  the  Compaction  Tooling 

Because  the  preform  is  multilevel,  the  compaction  tooling  must  be  designed 
to  incorporate  multiple  ram  motions  into  the  compaction  sequence.  This  allows 
control  of  density  within  each  level.  This  multiple  ram  motion  can  be  approxi¬ 
mated  by  the  use  of  split  punches  with  springs  and  stop  blocks.  In  this  manner 
the  amount  of  powder  in  each  level  can  be  controlled. 

Secondly,  the  preform  tooling  must  be  designed  to  produce  the  segmented 
shape.  This  means  that  segment  interlocking  must  be  a  feature  of  the  tooling. 
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3.0  RESULTS 


3. 1  Design  of  I sotherma 1 1 y  Forged  Gear 


The  isothermal ly  forged  gear  is  detailed  in  Figure  2.  As  shown,  this  is 
a  near-net  shape  forging  with  a  minimum  grinding  allowance  remaining  on  the 
tooth  face.  The  gear  geometry  is  listed  in  Table  I. 

Machining  to  be  performed  on  the  forged  part  includes  tooth  face  grind¬ 
ing,  cutting  of  spline  teeth,  turning  of  the  bearing  surface  on  the  hub  and 
drilling  of  the  lightening  holes. 

3 . 2  Design  of  Hot  Die  Set 


The  hot  die  set  needed  to  forge  these  gears  consists  of  a  ring  die,  upper 
punch,  lower  punch  and  a  core  rod,  all  of  which  are  machined  from  cast  IN  100, 
a  Ni-base  superalloy.  Associated  with  these  pieces  are  a  heater  ring  and  heater 
block  which  act  to  support  hot  die  elements.  Heat  is  supplied  by  cartridge 
heaters  and  monitored,  by  strategically  located  thermocouples.  The  hot  die  set 
is  depicted  in  Figure  3* 

The  dimensions  of  the  ring  die  and  punches  were  de term fried  from  the  re¬ 
lationships  between  the  des i red  forg i ng  dimensions  and  the  thermal  expansion 
coefficients  for  IN  100  and  4620  steel .  The  calculations  followed  this  route: 

1.  4620  Forging  Dimension  at  1650F  (900C)  =  IN  100  Die  Dimension  at 

1650F  (900C) 

D4620  at  ambient  (’  +  a4620-AT)  "  D|M  100  at  ambient  0  +  “in  100'  AT) 

eq.  (1) 

where  a  is  the  respective  thermal  expansion  factor,  AT  is  the  difference 
between  ambient  and  the  isothermal  forging  temperature  and  D  is  the  respec¬ 
tive  d imens i on  at  amb ient . 


This  translates  to: 
2‘  Dm  100  =  °4620 


1  +  ak620  AT 


1  +  aIN  100  AT 


eq.  (2) 


Table  I  compares  die  and  gear  dimensions  at  ambient. 

The  top  and  bottom  punches  are  designed  to  have  a  clearance  gap  of  0.004 
inches  ( 1  . 02x1 0”z*m)  per  side  between  the  ring  die  and  punch,  and  between  the 
core  and  punch. 
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gure  2.  The  Isothermal ly  Forged  Final  Drive  Gear.  (Dimensions 
are  in  inches  and  1  inch  =  .025Am). 


TABLE  I 


Gear  Geometry* 


Forging  at  70F  (21 C)  Ring  Die  at  70F  (21 C) 


o 

Pitch  Diameter 

18. 8571 " 

18.8189 

0 

Base  Circle  Diameter 

17- 0904" 

17.0558 

0 

Circular  Tooth  Thickness  at 
Pitch  Diameter 

.4160" 

.4152 

0 

Number  of  Teeth 

66 

66 

0 

Diametral  Pitch 

3-5 

3.5 

0 

Pressure  Angle 

25° 

25° 

o 

Involute  Extends  to  (Dia.) 

19.323" 

19.284" 

0 

Root  Diameter 

18.115" 

18.070" 

o 

TIF  Reference  Diameter 

18.470" 

18.432" 

0 

Chamfer  Angle 

45" 

45" 

o 

Tooth  Tip  Diameter 

19.400" 

19. 361" 

*  1  Inch  -  0 . 02 5^rn 


79-77 


1. 

IN  100  Ring  Die 

12. 

Base  Plate 

2. 

IN  100  Bottom  Punch 

13. 

Ejector  Pins 

3. 

IN  100  Top  Punch 

l^t. 

Ejector  Plate 

k. 

IN  100  Core  Rod 

15. 

Eject  ion  Cyl inder 

5. 

Superalloy  Heater  Ring 

16. 

Support  Stand 

6. 

Superalloy  Heater  Block 

17. 

Base  Plate 

7. 

Segmented  Retainer  Ring 

18. 

Support  Plate 

8. 

Support  Ring 

19. 

Clamping  Ring 

9. 

Support  Ring 

20. 

Thermocouples 

10. 

Ejector  Plate 

21 . 

Ca 1  rod  Heaters 

11. 

Core  Rod  Spacer 

22. 

l nsul at  ion 

Figure  3.  Hot  Die  Set 

for  Forging  the  Final  Drive  Gear 
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Several  features  of  the  hot  die  set  are  unique  and  are  designed  to  mini¬ 
mize  or  eliminate  conceivable  difficulties  in  forging  these  parts.  These  in¬ 
clude  a  removable  bottom  punch  that  follows  the  preform  from  the  preheat  step 
through  the  ejection  step  and  a  split  retainer  ring  around  the  hot  ring  die. 

The  bottom  punch  will  act  as  a  support  seat  for  the  sintered  preform 
during  preheating  and  during  transfer  to  the  die  from  the  furnace.  It  will  be 
ejected  with  the  forging  to  prevent  sagging  of  the  gear  as  the  piece  cools. 

This  type  of  punch  lends  itself  to  production  as  a  number  of  them  can  be  em¬ 
ployed.  The  bottom  surface  of  the  punch  can  be  beveled  to  permit  fast  loading 
into  the  die  cavity  and  notched  to  facilitate  handling  by  transfer  equipment. 

The  segmented  retainer  :  ring  provides  support  for  the  hot  ring  die,  with 
the  magnitude  of  the  support  being  controlled  by  the  torque  on  the  bolts  that 
couple  the  sections  together.  This  concept  allows  the  placement  of  an  insula¬ 
tion  barrier  between  the  ring  die  and  stress  ring  so  that  load  is  transferred 
across  the  insulation.  Therefore  the  working  temperature  of  the  stress  ring  is 
much  lower  than  that  of  the  hot  die  ring  and  a  stainless  steel  may  be  used  as 
the  stress  ring.  During  forging,  the  torque  can  be  adjusted  to  an  appropriate 
level  of  support.  During  ejection,  the  support  can  be  removed  to  allow  the  ring 
die  to  release  the  forged  part. 

A  detailed  set  of  drawings  associated  with  this  die  set  was  sent  to  several 
tool  and  die  shops  for  quotation.  Table  II  contains  a  list  of  these  vendors  and 
their  response.  Included  in  this  table  are  the  quotations  for  IN  100  castings 
or  P/M  processed  billets  for  machining  into  tooling.  From  the  cost  and  delivery 
quotations,  it  became  evident  that  the  program  budget  and  schedule  could  not 
afford  the  tool i ng . 

3. 3  Preform  Design 


The  preform  for  this  gear  will  be  compacted  as  seven  separate  sections.  The 
center  hub  will  be  one  section,  as  shown  in  Figure  A,  and  the  remaining  gear  will 
be  divided  into  six  equal  pie-shaped  sections,  as  shown  in  Figure  5.  The  pie¬ 
shaped  sections  will  have  interlocking  key  slots  to  facilitate  assembly  prior  to 
sintering.  A  cross  section  of  the  assembled  preform  which  illustrates  the  multi¬ 
level  nature  of  the  preform  is  shown  in  Figure  6. 

The  multilevel  preform  shape  and  the  minimum  deformation  process  introduce 
a  critical  interdependence  between  dimensions  and  densities  of  the  preform  sec¬ 
tions.  Notice  in  Figure  6  that  the  height  dimensions,  h| ,  h2  and  hj ,  are  not 
specified  for  this  reason.  Possible  preform  heights  are  listed  in  Table  III  along 
with  possible  densities  for  each  section.  To  facilitate  handling  the  minimum 
practical  density  is  75 %  of  theoretical.  The  maximum  density  achievable  by  die 
pressing  is  85%  of  theoretical.  Also,  the  density  gradients  between  levels  should 
be  minimized  to  minimize  the  formation  of  forging  defects.  Using  these  criteria 
the  possible  preform  heights  are  narrowed  to  those  indicated  by  markers  in  Table  III. 
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TABLE  I  I 


Vendor  Quotations 

for  Hot  Die  Set 

IN  100 

Price 

Del ivery 

Cast  Masters 

1145  Fairview  Avenue 

Bowling  Green,  Ohio  43402 

$  40,821 .50 

4-5  Weeks  AR0P0 

Col t-Cruc i bl e 

Compacted  Metals  Operation 
Oakdale,  Penna.  15230 

53,150.00 *  ** 

8  Weeks  AR0P0 

Kelsey-Hayes  Company 

7250  Whitmore  Lake  Road 
Brighton,  Michigan  48116 

100,000.00t 

8  Weeks  AROPO 

Die  Set 

SKRL  Tool  S  Die  Company 

34580  Lakeland  Blvd. 

Eastlake,  Ohio  44095 

124,115-00 

60  Weeks 

Jet  Die  6  Engineering  Inc. 

No 

Quote 

6300  Aurelius  Road 
Lansing,  Michigan  48902 

Cannon  Tool  Company  49,000.00 

167  Valley  Road  (Does  not  include  machining  of 

Cannonsburg,  Penna.  15317  gear  tooth  shape  in  ring  die 

or  punches. 


*  AR0P0  -  After  Receipt  of  Purchase  Order 

**  Material  is  off-chemistry  IN  100  Powder  in  as-HIP  condition 
t  Material  is  IN  100  powder  in  as-HIP  condition. 
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Figure  6.  Assembled  Preform  for  Final  Drive  Gea 
are  in  inches  and  1  inch  =  0.0254m). 


TABLE  I  I  I 


Preform  Geometry  and 

Density  Possibilities 

Gear  Section 

Web  Section 

Hub 

Sect  ion 

hi:* 

Pi 

n 

h3* 

P3 

3.  **25 

.75 

.800 

•  90 

4.800 

.75 

1 1 

.75 

1 1 

.87 

1  1 

.80 

1 1 

.75 

1 1 

.84 

1  1 

.85 

0 

1 1 

.80 

1 1 

.79 

. 

.75 

o 

1  1 

.80 

1 1 

.76 

1  1 

.80 

1 1 

.80 

1 1 

•  72 

1 1 

.85 

3.  **50 

•  75 

.825 

.86 

4.825 

.75 

1 1 

•  75 

1 1 

.83 

1 1 

.80 

1 1 

.75 

1  1 

.80 

1 1 

.85 

o 

1  1 

.80 

1  1 

.75 

1  1 

.75 

1 1 

.80 

1 1 

•  72 

1  1 

.80 

0 

3- **75 

•  75 

.850 

.82 

4.850 

.75 

0 

1  1 

.75 

1 1 

•  79 

1 1 

.80 

0 

1 1 

.75 

1  1 

•  76 

1  1 

.85 

1 1 

.80 

i  i 

.71 

1  1 

.75 

0 

3.500 

•  75 

.875 

•  78 

4.875 

.75 

o 

1  1 

.75 

1  1 

.75 

1 1 

.80 

1 1 

.75 

1 1 

.72 

1 1 

.85 

3.535 

.75 

.900 

•  74 

4.900 

.75 

1 1 

.75 

1 1 

•  72 

1  1 

.80 

0 

1  nd i cates 

possible  f i rst 

i terat ion 

select  ion 

* 

Inches  (1 

inch  =  0.025**m) 
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The  basis  of  the  preform  heights  in  Table  III  is  that  punch  contact 
during  forging  occurs  simultaneously  at  the  hub  and  gear  tooth  sections  while 
a  gap  exists  initially  between  the  punches  and  web  section  of  0.125  inches  per 
side  (3*l8xlO"3m  per  side).  This  allows  maximum  loading  on  the  two  critical 
sections  of  the  gear  so  that  dens i f icat ion  will  begin  in  these  critically  loaded 
areas.  Die  fill  will  be  accomplished  first  in  these  areas,  with  local  metal 
flow  into  the  gear  teeth  and  finally  from  the  gear  and  hub  sections  into  the  web 
section  occurring.  This  pattern  should  result  in  complete  die  fill  and  accep- 
table  mechanical  properties. 

The  density  variation  with  section  height  level  is  necessary  since  gross 
metal  flow  between  sections  cannot  be  accomodated  by  minimum  deformation  forg¬ 
ing  without  suffering  forging  defects  or  final  density  gradients.  Therefore, 
the  total  punch  stroke  should  cause  full  dens i f i cat  ion  simultaneously  in  each 
section  of  the  forging.  This  means  that  sections  with  different  height  levels 
must  have  different  starting  densities  to  achieve  full  density  simultaneously, 
as  indicated  by  the  heights  and  dimensions  in  Table  III.  The  equations  utilized 
to  arrive  at  these  numbers  are  based  on  geometrical  considerations.  First,  the 
height  relationships  are: 


hi  =  h£  +  2.625  eq.  (3) 

^3  ~  h2  +  ^*000  eq.  (4) 

where  h] ,  h2  and  hj  are  the  heights  of  the  gear,  web  and  hub  sections  in  inches. 
Secondly,  the  volumes  in  the  gear  tooth  section,  web  section  and  hub  section  are 

V]  =  J-  (18.02-16.82)  h,  +  66  [(.5625) (.5) (.2+. 2+2 (.5625) (tan  70°)  h, 

V2  =  J  (l6.82-7.22)  h2 

V3  =  J  (6.7)2  (h2+. 5)  +  J(7.22-6.7"3)h2  +  (5 - 52+6 . 72+ (5 . 5)  (6.7))(lyh2-.5) 
(.2618)-  J.  (4.1)2h3 

These  reduce  to: 

V]  -  96.96  h]  eq.  (5) 

V2  =  180.86  h2  eq.  (6) 

V3  =  2.96  +  11.38  h2  +  16.12  h3  eq .  (7) 

where  V_  V2  and  V3  are  the  volumes  of  the  gear,  web  and  hub  sections.  Since  the 

total  preform  mass  is  fixed  at  125  lbs.  (56.7  Kg),  the  gear,  web  and  hub  weights 
W] ,  W2  and  W3,  must  total  to  125  lbs.  (56.7  Kg). 
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W]  +  W2  +  W3  =  125  lbs.  eq.  (8) 

But,  mass  is  the  product  of  density  and  volume,  so  eq.  (8)  can  be  expressed  as: 

P1V1  +  P2V2  +  P3V3  =  125  lbS-  eq* 

where  pj  ,  p2  and  p^  are  the  section  densities. 

Now,  Vj ,  V 2  and  V3  can  be  substituted  from  eqs.  (5),  (6)  and  (7)  into  eq.  (9) 
and  the  result  is  a  height-density  equation: 

96.96  h1P,  +  180.86  h2  p2  +  2.96  p3  +  11.38  h2p3  +  16.12  h3P3  =  125  lbs. 

eq.  (10) 

Possible  preform  section  heights  and  densities  are  determined  by  these  steps. 

1.  Assume  an  \i2  value  and  calculate  h^  and  h3  from  eqs.  (3)  and  (*t) . 

2.  Assume  pj  and  p3  and  calculate  p2  from  eq.  (10). 

3.^  Design  of  the  Compaction  Tooling 


The  preform  dies  will  be  made  of  a  wear  resistant  die  steel.  Clearance 
gaps  between  punches  and  either  core  rods  or  a  ring  die  should  not  exceed  0.002 
inch  (5.08xl0"5m) . 

The  compaction  tooling  for  the  hub  section  consists  of  a  ring  die,  core 
rod  and  a  top  and  bottom  punch.  The  compaction  operation  is  simply  a  sequence 
of  charging  powder  into  the  die  cavity  and  pressing  at  the  required  pressure, 
using  a  die  wall  lubricant  of  zinc  stearate. 

The  die  set  for  the  pie-shaped  sections  of  the  preform  is  depicted  in  Fig¬ 
ure  7-  It  consists  of  a  die  block,  top  punch  and  a  split  bottom  punch.  The 
split  bottom  punch  is  necessary  for  control  of  the  densities  in  the  gear  and 
web  sections.  Stop  blocks  are  positioned  under  the  web  section  punch  so  that 
the  compaction  pressure  is  not  experienced  by  this  section  until  compaction  has 
begun  in  the  gear  section.  This  allows  greater  density  to  be  achieved  in  the 
gear  section,  which  is  desired.  The  density  gradient  between  the  two  sections 
is  controlled  by  the  fill  cavity  dimensions,  the  spring  stiffness  and  the  stop 
block  heights. 
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79-79 


Figure  7. 


Split  Punch  Compaction  Die  Set  Used  to  Compact  the  Six 
Outer  Segments  of  the  Preform. 
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4.0  DISCUSSION 


Both  the  cost  and  time  quotations  for  the  hot  die  set  present  major  problems 
to  this  program  and  dictate  a  redirection  of  ef fort, or a substant ial  increase  in 
budget  and  a  substantial  increase  in  the  program  schedule.  Of  equal  importance  is 
the  failure  experienced  on  Contract  DAAK-30-78-C-0029  where  the  isothermal ly  forged 
pinion  could  not  be  ejected  from  the  hot  die  set.  Coupling  these  factors  together 
results  in  the  assessment  that  this  program  should  be  halted. 

4. 1  Costs  and  Scheduling 


The  costs  and  delivery  time  for  the  hot  die  set  continue  to  escalate  such  that 
an  additional  $292,781  of  support  and  ^24  months  must  be  added  to  the  current  con¬ 
tract.  The  projected  cost  overrun  poses  a  funding  problem,  obviously.  But  the  time 
slippage  of  24  monts  raises  a  more  serious  problem  since  this  reduces  the  chance  for 
implementation  of  this  work.  The  M60  tank  is  being  phased  out  because  of  the  success¬ 
ful  development  of  the  XM-1  tank.  This  fact  significantly  diminishes  the  chance  for 
implementation  of  this  process  without  first  requiring  an  expensive  development  pro¬ 
gram  on  an  XM-1  part. 

4.2  Lubrication-Coating-Die  Release  Problems 

Contract  DAAK-30-78-C-0029  was  a  predecessor  of  this  contract  and  was  the  initial 
effort  to  isothermal ly  forge  parts  of  the  large  plan  area.  The  mating  pinion  of  the 
final  drive  gear  was  the  part  to  be  forged.  While  test  coupon  forging  proceeded  smooth¬ 
ly,  a  serious  ejection  problem  was  encountered  while  forging  the  full  size  pinion.  No 
suitable  coating  was  found  that  would  both  provide  oxidation  resistance  to  the  heated 
preform  and  allow  die  release  during  ejection.  Forgings  could  not  be  ejected  from  the 
die.  With  such  a  serious  problem  being  encountered  on  the  smaller  part,  it  was  felt 
that  the  effort  to  forge  the  large  drive  gear  would  be  in  vain. 

4.3  Alternative  Action 


Once  these  major  problems  were  recognized,  alternative  actions  were  examined. 
These  alternatives  covered  a  broad  range  of  possible  redirections,  including  alter¬ 
nate  techniques  for  making  the  drive  gear,  a  shift  to  a  large  diameter  ring  gear 
in  the  XM-1  tank,  a  lubrication-coating  project  .grid  a  conventional  P/M  forging  effort. 
The  last  alternative  is  the  most  promising.  P/M  forging  has  been  demonstrated  to  be 
an1  effect ive,  low  cost  manufacturing  technology.  However,  the  technology  still  suf¬ 
fers  from  lack  of  unity  and  a  general  lack  of  understanding  converning  the  capabil¬ 
ity  of  P/M  for  various  shapes  and  materials.  A  program  to  clear  up  these  uncertain¬ 
ties  that  retard  or  hinder  implementation  is  briefly  described  in  Section  6.0. 
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5.0  SUMMARY 


Contract  DAAK-30-78-C-0099  has  been  halted  due  to  cost  and  time  over¬ 
run  projections  and  unsuccessful  completion  of  a  preceding  program  on  which 
this  work  was  to  be  based.  An  alternate  action  is  recommended. 

Prior  to  this  point,  completed  work  had  included  design  of  an  isother¬ 
mal  ly  forged  M60  tank  drive  gear,  design  of  the  hot  die  set,  design  of  the 
preform  according  to  minimum  deformation  principles,  and  design  of  the  compac¬ 
tion  tool i ng . 


6.0  RECOMMENDATIONS 

The  recommended  alternative  is  to  examine  several  of  the  XM-1  accessory 
gears  as  potential  P/M  forged  parts.  Gears  come  in  many  shapes  ranging  from 
the  simple  pancake  shape  spur  gear,  to  gears  with  integral  shafts,  to  gears 
with  teeth  on  outer  and  inner  diameters,  etc.  P/M  forging  follows  a  compac¬ 
tion-sinter-forge  route,  with  the  forging  being  carried  out  cold,  warm  or  hot. 
The  particular  process  suited  for  a  particular  gear  will  depend  on  the  part 
complexity  and  alloy  being  used.  It  is  recommended  that  three  levels  of  part 
complexity  be  examined,  along  with  the  three  processing  temperature  regimes. 
Dimensional  control,  part  performance  and  economic  analyses  will  be  determined 
to  generate  handbook- type  information.  This  will  greatly  speed  up  the  implemen¬ 
tation  of  P/M  forging  as  a  cost  reduction  method  of  manufacturing  military 
hardware. 
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